ABSTRACT In this paper, a novel microstrip filter is proposed, which can realize a third-order quasielliptic bandpass response. In order to reveal the physical mechanism of the microstrip filter, a lumpedelement equivalent circuit is set up and the equivalence relations between its circuit elements and the electrical parameters of the microstrip filter are presented. According to filter specifications, the initial structural parameters of the microstrip filter can be easily calculated through these equivalence relations. As demonstration, an actual microstrip filter was designed, fabricated and measured, whose center frequency is at 2.50 GHz and fractional bandwidth is 36%. There are two transmission zeros near to the passband to improve the frequency selectivity, which makes the roll-off rate at each side of the passband as high as 125 and 50 dB/GHz, respectively. The out-of-band suppression from 3.6 to 6.1 GHz is greater than 40 dB. The size of the fabricated filter is 0.21λg × 0.18λg, which is very compact.
I. INTRODUCTION
Up to now, various wireless applications have arisen. Efficient spectrum allocation is urgently required because spectrum resource is limited. As an important component in communication or radar systems, filter is used to let signal pass and suppress unwanted noise [1] , [2] . At present, there are several types of magnitude response filters. For example, maximally-flat filters that have all their reflection zeros at the same frequency are featured by maximally-flat response. Chebyshev filters are characterized by equal ripple in passbands and their transmission zeros can be placed at finite frequencies. Elliptic filters have equal ripple in both passbands and stopbands.
In different frequency ranges, filters also have different realization forms. In low frequency range, lumped-element filters are usually used. Meanwhile, transmission-lines filters such as waveguide, coplanar waveguide and microstrip ones are widely applied in RF/microwave or even higher frequency range. For example, [3] discusses the design of hybrid folded rectangular waveguide filters with multiple transmission zeros below the passband. [4] proposes triple-mode ceramic cavity filters using the parallel-coupled resonators. Reference [5] presents a fifth-order bandpass filter based on substrate integrated waveguide with transition to grounded coplanar waveguide. In [6] , bandpass filters using end-connected conductor-backed coplanar waveguide are proposed, which have controllable transmission zeros. Reference [7] presents some multilayer interdigital filters fabricated by low-temperature co-fired ceramic technology, which realize general Chebyshev filtering functions.
Compared with other transmission-line filters, microstrip filters have some advantages such as easy integration, low cost, and so on, and thus have received much attention. Until now, varieties of microstrip filters have been proposed, each of which has advantages and disadvantages and can be applied in different situation. For example, the most classic one is coupled-line microstrip bandpass filter which consists of a series of parallel-coupled two-line sections [8] . Interdigital bandpass filter consists of an array of some microstrip coupled-line sections, each of which is short-circuited at one end and open-circuited at the other end with alternative orientation [9] . Recently, [10] introduces a ultra-wideband bandpass filter in which three resonant modes are contributed by the multiple-mode resonator and four resonant modes come from a pair of electromagnetic bandgap loaded parallel-coupled lines. Reference [11] proposes a wideband bandpass filter with composite series and shunt resonators, which creates transmission zeros on both sides of the passband. Reference [12] presents some bandpass filters based on the concept of transmission zero resonator pair, i.e., a pair of resonators with different resonant frequencies. Other microstrip filters can be found out in [4] , [13] - [16] . Until now, researchers are still exploring new filter topologies with better performance.
In this paper, a novel microstrip filter is proposed, which is derived from a lumped-element bandpass filter. Appropriate microstrip counterparts are used to realize the corresponding lumped elements, and the equivalence relations between them are also presented. Thus, it's easy to understand how the desired resonances are created and coupled, and then filter design process can be greatly facilitated. The proposed microstrip filter can realize a third-order quasi-elliptic bandpass response with two transmission zeros near to the passband. In order to demonstrate it, an actual microstrip filter was designed, fabricated and measured. It's featured by good frequency selectivity and out-of-band performance. The whole paper is organized as follows: Section II presents a modified third-order lumped-element elliptic bandpass filter, in which two impedance inverters are introduced; In Section III, a novel microstrip filter with third-order quasielliptic bandpass response is proposed; An actual microstrip filter example is designed in Section IV; Section V discusses the experimental results; Finally, some conclusions are drawn in Section VI.
II. THIRD-ORDER LUMPED-ELEMENT ELLIPTIC BANDPASS FILTER
As one kind of transmission-line filters, the design of microstrip filters is not easy because of their distributedelement effect. In other words, the network parameters or the field components of microstrip filters usually contain complicated expressions that are not easily manipulated. In practice, it's an effective approach to apply lumped-element equivalent circuits to represent microstrip filters so that their physical mechanism can be revealed and then design process is facilitated. This paper begins with a lumped-element lowpass prototype in Fig. 1 , which corresponds to a lowpass response with one transmission zero at finite frequency. Through the well-known lowpass to bandpass frequency transformation, the lumped-element bandpass filter in Fig. 2 is obtained [1] . For example, the inductors in the lowpass prototype are transformed into the series resonators, i.e.,
where ω 0 is the center frequency, W is the factional bandwidth and R g is the source/load resistors. The capacitors are transformed into the parallel resonators, i.e.,
The lumped-element bandpass filter in Fig. 2 can realize a third-order elliptic bandpass response. It has two transmission zeros, each of which is at different side of the passband. Obviously, it is featured by good frequency selectivity.
In order to realize it through microstrip counterparts, the filter prototype in Fig. 2 is modified. Firstly, the parallel branch is transformed, as shown in Fig. 3 . In order to determine the element values of the transformed parallel branch, we can compare the input impedances of both circuits. For example, the input impedance of the left circuit is
The input impedance of the right circuit is
Note that the right-handed one in Fig. 3 has five element parameters and the left-handed one has only four. In other words, there is one degree of freedom for the right-handed one. Then, it's defined as Dc=C 11 -C 22 . In practice, it's flexible to adjust them so that their microstrip counterparts can meet the requirement of fabrication precision. By comparing these two input impedances, the element values of the right-handed circuit are determined from those of the left-handed one.
In order to realize the one in Fig. 2 through microstrip, it's likely to find out appropriate microstrip counterpart for each part, and then connect them according to the schematic in Fig. 2 . In reality, some parts of Fig.2 could not be realized directly. Then, it's modified as the one in Fig. 4 , in which two impedance inverters are inserted. Obviously, the magnitude responses of both lumped-element bandpass filters are the same. Apart from the relations described by the equations (3a)-(3e), the other element values of the modified filter in Fig. 4 are easily determined by the ones in Fig. 2 . For example,
III. MICROSTRP FILTER WITH THIRD-ORDER ELLIPTIC BNADPASS RESPONSE
In the previous section, a modified lumped-element filter is presented in Fig. 4 . In order to realize it through microstrip, it's necessary to find out some appropriate microstrip counterparts to realize the corresponding elements of the former. In the following, some microstrip structures are discussed, and their lumped-element equivalent circuits and the equivalence relations are presented.
A. EQUIVALENT CIRCUIT OF MICROSTRIP PARALLEL-COUPLED TWO-LINE SECTION
Parallel-coupled two-line section in Fig. 5 is widely used in the construction of microstrip filters, where Z e and Z o are the even-and odd-mode characteristic impedances respectively, and θ is the electrical length. It can be described the following [ABCD] matrix, (5), as shown at the bottom of this page. However, it's not easy to directly manipulate it. Then, a lumped-element equivalent circuit in Fig. 5 is introduced to represent it, which is obtained from the one in [17] - [19] by omitting one resonance. The equivalence relations to describe the relationship between the electric parameters of the microstrip parallel-coupled two-line section and the element values of the equivalent circuit are
where ω 0 = 1/ √ LC is the resonant angular frequency. Here, a microstrip parallel-coupled two-line section is used to realize the impedance inverter K , the inductor L 1 and the capacitor C 1 in Fig. 4 . 
B. MICROSTRIP REALIZATION OF THE PARALLEL BRANCH
As is well known, a short high-impedance microstrip line section is equivalent to an inductor, as shown in Fig. 6 . If the impedance is chosen firstly, the electric length can be determined by the following equivalence relation.
[ABCD] =
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Here, it's set at the center frequency. In addition, a short low-impedance open-circuited microstrip stub could be considered as a capacitor, as shown in Fig. 7 . If the impedance of the microstrip stub is chosen firstly, its electric length is determined by the following equivalence relation.
where C is the capacitor value. Z L and θ L are the impedance and electric length of the microstrip stub respectively. After understanding the equivalent circuits of these basic microstrip structures, we can construct one to realize the parallel branch in Fig. 4, i. e., the right-handed circuit in Fig. 3 . It is shown in Fig. 8 . For example, the microstrip line section with the impedance Z H1 and the electric length θ H1 is used to realize the inductor L 2 , and the microstrip line section with the impedance Z H2 and the electric length θ H2 is used to realize the inductor L 3 the right-handed circuit in Fig. 3 , respectively. On the other hand, the open-circuited microstrip stub with the impedance Z L1 and the electric length θ L1 is used to realize the capacitor C 11 , the open-circuited microstrip stub with the impedance Z L2 and the electric length θ L2 realizes the capacitor C 22 , the right-handed circuit in Fig. 3 , respectively. Finally, the coupling between the two microstrip stubs realizes the capacitor C 12 .
C. SCHEMATIC OF MICROSTRIP FILTER
After the lumped elements of the lumped-element filter in Fig. 4 is realized through the corresponding microstrip counterparts mentioned in the previous subsections, a microstrip filter is obtained, as shown in Fig. 9 . 
IV. MICROSTRIP FILTER DESIGN EXAMPLE
In the previous sections, how to construct the proposed microstrip filter is discussed in detail. At the same time, the physical mechanism of the proposed microstrip filter is also revealed, which is beneficial to its design. The design procedure of the proposed microstrip filter includes three steps: firstly, the lumped-element equivalent circuit in Fig. 4 should be synthesized according to filter specifications; secondly, the electrical parameters of the microstrip filter in Fig. 9 are calculated through the equivalence relations; finally, structural parameters are calculated and then act as initial values for next-step optimization. To slightly adjust the structural parameters in the vicinity of these calculated ones makes filter performance meet requirement. For convenience, it's called the distributed-to lumped-element equivalence (DLEE) method here.
For demonstration, a microstrip filter example is designed. For instance, it's used to realize an elliptic bandpass response with center frequency at 2.50 GHz and fractional bandwidth of 36%. The in-band return loss is set greater than 20 dB. One transmission zero is at 1.56 GHz and the other one at 4.04 GHz, respectively. The ideal response is shown in Fig. 10 . Both source and load impedances are set as 50
. In the first step of the DLEE, conventional synthesis technique is used. According to filter specifications, the lowpass prototype in Fig. 1 should be synthesized where g 1 =0.7604, g 2 =0.1409, g 3 =0.9456 and g 4 =0.7604. The lowpass response is shown in Fig. 11 .
In practice, all structural parameters should meet the requirement of fabrication precision. As required by the fabrication technique we currently use, minimum line width and 63378 VOLUME 6, 2018 gap should not be less than 0.12 mm. For the microstrip filter in this paper, Rg and Dc should be set reasonably to make the structural parameters meet requirement. For example, Rg=36.98 , and thus a set of the structural parameters satisfying our fabrication precision are determined for the parallel-coupled two-line sections. Similarly, C 12 starts to be greater than 0 pF when Dc=-0.27 pF.
If R g is set as 36.98 , the element values in Fig. 2 are calculated through the equations (1a) to (1b), i.e., L 1 =4.9722 nH, C 1 = 0.8086 pF, L 2 = 0.9213 nH, C 2 = 4.3639 pF, L 3 = 0.8892 nH and C 2 = 4.5214 pF, respectively.
If Dc is set as −0.27 pF, the element values in Fig. 4 can be determined by using the equations (3a) to (4c). For example, R = 50 , K = 43 , L 1 = 4.9722 nH, C 1 = 0.8086 pF, L 2 = 0.9213 nH, L 3 = 3.1544 nH, C 11 = 1.0235 pF, C 22 = 1.1585 pF and C 12 = 0.0939 pF, respectively.
In the second step, the electrical parameters of the microstrip filter are calculated through the equivalence relations (6)- (8) . For example, the odd-and even-mode impedances of the coupled-line two-line sections are Z o =56.8431 and Z e =142.8413 respectively, and their electric lengths are π /2 at the center frequency. If the impedance Z H1 is chosen as 65 , the electric length In the third step, the structural parameters of the microstrip filter can be calculated through these obtained electric parameters if an actual substrate is chosen. For example, Rogers RT/duroid 4350 substrate with a relative permittivity of 3.66 and a dielectric height of 0.508 mm is used in this paper. The initially simulated results of the microstrip filter with the calculated structural parameters are depicted in Fig. 12 . The responses are close to the ideal ones in Fig. 10 . For example, the passband almost covers the desired frequency range. Two transmission zeros near to the passband are clearly observed. Unfortunately, the in-band return loss does not meet requirement. The analytical modeling focuses on revealing the main physical mechanism of the microstrip filter, and thus it's unlikely to include all actual factors. In order to offset some minor discontinuity effect such as loss, bend, open end and junction that are not considered in the analytical modeling, full-wave simulation should be applied to optimize the performance of the actual microstrip filter. Then, these calculated structural parameters are taken as initial values. By adjusting these structural parameters in the vicinity of the calculated ones, a set of the structural parameters with optimized performance are obtained, i.e., l 1 = 1.80 mm, l 2 =4.36 mm, l 3 =3.41 mm, l 4 =3.81 mm, l 5 =4.20 mm, l 6 =3.76 mm, l 7 =3.21 mm, l 8 =4.26 mm, l 9 =12.00 mm, l 10 =6.00 mm, l 11 =1.54 mm, w 1 =0.78 mm, w 2 =1.36 mm, w 3 =0.20 mm, w 4 =1.26 mm, w 5 =0.20 mm, w 6 =0.69 mm, s 1 =0.22 mm, and s 2 =0.20 mm, respectively.
In Fig. 13 , the simulated responses of the microstrip filter with the optimized structural parameters are shown. Compared with the initially simulated responses in Fig. 12 , the filter performance is improved to meet filter specifications.
Understanding physical mechanism of the microstrip filter is very important to controlling its performance. For example, VOLUME 6, 2018 
V. MEASUREMENT AND DISCUSSION
In order to verify the previous analysis, an actual microstrip filter was fabricated and measured. The photo of the fabricated filter is shown in Fig. 15 . It's very compact and the size is only 0.21λ g ×0.18λ g where λ g is the waveguide wavelength at the center frequency. Both simulated and measured results are presented in Fig. 16 , which coincide well. The measured passband can cover the desired frequency range. The insertion loss at the center frequency is only 0.59 dB, which includes the loss of a pair of SMA connectors. The in-band return loss is greater than 15 dB. There is a transmission zero at the left side of the passband so that the roll-off rate is as high as 125 dB/GHz. Simultaneously, there is another transmission zero at the right side of the passband, which obtains 50 dB/GHz roll-off rate. Undoubtedly, these two transmission zeros near to the passband greatly improve frequency selectivity. In addition, the filter is also featured by good out-of-band performance. More than 40 dB suppression is achieved from 3.6 to 6.1 GHz. The simulated and measured in-band group delays are also shown in Fig. 16 . The variation of the measured in-band group delay is less than 1 ns.
In order to clearly demonstrate the advantages of the proposed microstrip filter, its performance is compared with that of other third-order bandpass filters in some literatures. The results are listed in Table I . Obviously, the proposed one is featured by good out-of-band performance and compact size.
VI. CONCLUSION
In this paper, a novel microstrip filter is proposed in this paper, which realizes a third-order quasi-elliptic bandpass response. With the aid of lumped-element equivalent circuit, how the resonances are created and coupled is described clearly. Understanding its physical mechanism greatly facilitate design process. Especially, the equivalence relations are presented. Thus, it's very easy to calculate the initial structural parameters of the microstrip filter according to filter specifications. As the measured results show, the proposed microstrip filter is featured by good frequency selectivity and out-of-band performance. The idea in this paper also applies to other transmission-line filters. XIAOHONG TANG (M'08) received the B.S. and Ph.D. degrees in electromagnetism and microwave technology from the University of Electronic Science and Technology of China (UESTC), Chengdu, China. He is currently a Professor with UESTC. He has authored over 100 journal and conference papers. His current research interests include microwave and millimeter-wave circuits and systems, microwave integrated circuits, and computational electromagnetism. VOLUME 6, 2018 
